Simulation of misfit dislocation loops at the Ag/Cu(111) interface
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Molecular Dynamics simulations combined with the Nudged Elastic Band Method for finding tran-
sition states and corresponding activation energies are used to study mechanisms of nucleation,
growth, and motion of misfit dislocation loops at the Ag/Cu(111) interface. A variety of mechanisms
involving concerted motion of several atoms are identified. Nucleation has the highest activation

energy, ~ 1eV. Growth and motion of the loops have activation energies in the range 0.3 - 0.7 eV.

Recent years’ applications of scanning tunnelling mi-
croscopy (STM) in conjunction with atomic scale mod-
elling have led to rather intriguing findings concerning
surface/interface structures in studies of metal on metal
growth, in particular for systems with a large lattice con-
stant mismatch [1-5]. In the case of Au deposited on
Ni(111) a combined STM/atomistic study [1] found that
two distinct interface structures exist. When a single
monolayer (ML) of Au is deposited on Ni(111) at 170K
and subsequently imaged at room temperature (RT) by
STM, an incommensurable Moiré structure is observed.
The Moiré structure can be described as a slightly com-
pressed (n-1) x (n-1) hexagonal Au layer positioned ontop
an n X n Ni(111) substrate, with n = 9 or 10. If Au is
deposited at RT or if the Moiré structure is annealed to
400K a two dimensional periodic array of misfit dislo-
cations is formed in the topmost Ni layer. The period
is 9.7 x 9.7 with respect to the Ni substrate periodicity.
The misfit dislocations are imaged by STM as triangu-
lar depressions of side length 3, 4, 5, or 6 atoms in the
Au overlayer surrounding small triangular clusters con-
sisting of 0, 1, 3, or 6 protruding atoms, respectively.
All Au atoms are in perfect (111)-registry except for
a slightly decreased lattice parameter and the vertical
displacements at the triangles. When Ag is deposited
on Cu(111l) very analogous behavior to Au/Ni(111) is
observed. After deposition of roughly 1 ML of Ag on
Cu(111) at RT a periodic array of triangular misfit dis-
locations is observed by STM [2,3]. The period of the
superstructure is 9.43 x 9.43 with respect to the under-
lying Cu substrate periodicity [3].

The misfit dislocations form [1,4] by expelling a row
of nearest neighbor atoms from the topmost substrate
layer. Removal of, e.g., a row of 4 atoms from the sub-
strate allows a 6-atom triangle of side length 3 to shift
from fcc postions to hep positions thus forming a misfit
loop surrounding the displaced triangle. The imprint of
this loop is imaged by STM as a triangular depression
in the overlayer of side length 4 surrounding 1 protrud-
ing atom. The shift of the 6-atom triangle allows the
overlayer atoms to coordinate to 3 or 4 substrate atoms
in contrast to the Moiré structure where some atoms are
positioned in energetically unfavorable atop sites. The
previous atomistic studies of misfit loops [1,4] focused on
the energetics of the two different equilibrium structures,
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TABLE 1. Zero temperature values for lattice constants,
elastic constants, relaxed planar defects, relaxed vacancy for-
mation energies, and heats of solution for Ag and Cu obtained
with the EMT potentials used in this work. 7, is the intrin-
sic stacking—fault energy and 7y,, is the fcc — hcp unstable
stacking energy. The heat of solution entry under Ag is for Ag
in Cu and similarily for the Cu entry. Reference experimental
and ab initio results are given in parentheses.

but neither provided insight into actual mechanisms or
activation barriers pertinent to formation of misfit loops,
which could be important for the understanding of metal
on metal growth and the properties of, e.g., multilayered
thin films.

It is the aim of the present work to provide such in-
sight by investigating nucleation, growth, and motion of
misfit dislocation loops by atomistic simulation. The
atomic interactions are described by effective-medium
theory (EMT) [6,7] many-body potentials. A new pa-
rameterization [8] of EMT for Cu and Ag was developed
which reproduces properties such as elastic constants, re-
laxed vacancy formation energies and intrinsic stacking—
fault energies, and heats of solutions very well, see table
I. As usually with effective-medium-like potentials, such
as EMT or embedded atom method (EAM) potentials,
free—surface energies (7111 and ~100) tend to be under-
estimated. The simulations aim at mimicing an exper-
imental anneal of the low temperature Moiré structure.
Hence, the approach, taken here, is to perform Molec-



ular Dynamics (MD) simulations at elevated tempera-
tures, identify transitions, and find the transition paths
and activation energies associated with those transitions.
For the latter purpose the nudged elastic band (NEB)
method [9] is used. The simulations are carried out as
MD simulations of isolated Ag islands on wide Cu(111)
substrates or as simulations of 1 supercell (n¢, =9 or 10)
or 4 supercells (ng, = 19;n,, = 17) with in—plane peri-
odic boundary conditions. The substrates consists of 3
fixed (111) layers and 4 (111) layers where the atoms are
allowed to move. The temperature is varied in the range
500 — 800K using Langevin dynamics [10] with a time
step of 5 x 10715 s.

Experimentally, triangular misfit dislocations are ob-
served in the Ag/Cu(111) system after deposition at RT
and imaging at either 165K [2] or RT [3], but not af-
ter deposition at 225K and imaging at 170K [2]. No
systematic study of the temperature dependence of for-
mation of misfit loops from the Moiré structure in either
Au/Ni(111) or Ag/Cu(111) exist. It is therefore diffi-
cult to assess in advance, whether it will be possible to
simulate the transition from the low temperature Moiré
structure to the structure with misfit loops with ordinary
MD simulations. It turns out that it is possible to ob-
serve formation of loops by MD simulations. Simulations
of the Moiré structure in the ng, = 9 or 10 as well as of
the 4 supercell system carried out at 800 K showed, in all
cases, formation of misfit dislocations. It is also possible
to observe the formation of misfit loops in simulations of
compact Ag islands on wide Cu substrates. In one case
a pseudomorphic Ag island consisting of 979 atoms was
placed on a large Cu substrate (115x 115 A) and annealed
to 800 K. The simulation shows that the island expands
its internal lattice constant while maintaining the hexag-
onal (hetero—epitaxial) structure and that misfit dislo-
cation loops form during the process. After just 1ns of
simulated time one 3—-vacancy loop, four 4-vacancy loops,
and one 5—vacancy loop have formed along with several
adatoms and small islands ontop the overlayer. From
these simulations a general perception of the evolution of
the triangular superstructure emerged: First, the loops
nucleate at positions where the overlayer atoms are close
to energetically unfavorable atop sites. The nucleation
involves creation of Ag adatoms by concerted motion of
several atoms in the Ag overlayer as well as in the top-
most Cu layer. The loops form initially as 2 vacancies in
the topmost Cu layer and then grow into loops consisting
of 3-6 vacancies. During the process the loops migrate as
well. In the following, details of representative processes
of each mode are given.

Nucleation. Based on the high temperature MD simu-
lations it was possible to identify several nucleation mech-
anisms. The mechanisms divide into two classes: One
where one or two Ag atom(s) is (are) expelled from the
overlayer leaving a structure with a hole and adatom(s).
Following the expulsion a 2-vacancy misfit loop forms

FIG. 1. Nucleation of a 2-vacancy misfit loop from the
Moiré structure. The upper row shows a top view of the
overlayer and the lower row shows the atoms below a cut—off
between the overlayer and the topmost Cu layer. The columns
are initial, transition and final states, respectively. The
greyscale in the upper row roughly indicates the height of
the atoms, with light atoms being highest.

FIG. 2. Nucleation of a 2-vacancy misfit loop from the
Moiré structure via an intermediate hole in the overlayer.
Frames 1, 3, and 5 are local minimum energy configurations.
Frames 2 and 4 are transition states.

in the topmost Cu layer by concerted motion of sev-
eral atoms. The other class does not involve the in-
termediate hole/adatom stage. Instead Ag atoms are
expelled while simultaneously dragging underlying Cu
atoms along, thus forming the misfit loop without cre-
ating a hole in the overlayer.

An example of the 2nd class of nucleation is given in
Fig. 1 which shows initial, transition, and final states for
the process. The mechanism proceeds as follows: First
the atop Ag atom (marked “3” in Fig. 1) and one of its
neighbors (2) are expelled simultaneously from the over-
layer while dragging the two underlying Cu atoms (5 and
6) along. The upward motion of atoms 5 and 6 allows
Cu-atom 4 to shift from an fcc postion to a hep position
thus creating a 2-vacancy misfit loop surrounding that
atom while atoms 2 and 3 form a Ag—dimer on the over-
layer. The energy barrier for this mechanism is 1.00eV.

For the other nucleation class, which involves hole for-
mation, there are at least two possible ways the Ag atom
can come up from the overlayer: One where the Ag atom
moves up vertically and then settles in a hollow site at the
surface. The other possibililty is an exchange where the
atop Ag pushes one of its neighbors up onto the surface
while taking this atom’s place. One possibility of the lat-
ter mechanism is illustrated in Fig. 2. There are 2 tran-
sition states (frames 2 and 4) and 3 minima. The dark
grey atop Ag atom pushes the atom to its left up onto



FIG. 3. Diffusion of the adtom formed in frame 3 of Fig. 2.
Frames 1, 3, and 5 are local minimum energy configurations.
Frames 2 and 4 are transition states.

the overlayer while taking this atom’s place. Notice how
the overlayer just below the adatom is distorted in the
final configuration (frame 3) of this process: The adatom
sits in what looks more like a skewed four—fold hollow
site than a regular three—fold hollow site because of the
broken symmetry. The energy barrier for this mecha-
nism (frames 1-3) is 0.94eV. Next, the former atop Ag
atom and the two Cu atoms positioned below that Ag
atom and below the hole come up from the Ag over-
layer and the top Cu layer. This creates another adatom
and a 2-vacancy misfit loop in the Cu layer in practically
the same way as depicted in Fig. 1. Again at least two
possibilities exist for the resulting adatom configuration.
If the first adatom from the hole formation has not yet
moved away from the region, it is possible that a dimer
will form as shown here. Otherwise there will be two
isolated adatoms after the loop formation. The barrier
for the loop formation shown in frames 3-5 of Fig. 2 is
0.54eV. Several other proceses resulting in a 2—vacancy
loop which only differ in their details, e.g., the configura-
tion of the adatoms, have been investigated, and all have
very similar activation energies. The hole formation via
exhange as in Fig. 2 was found to be marginally preferred
to the mechanism where the atop Ag comes up vertically
and settles in a hollow site. For the latter mechanism the
lowest barrier obtained was 0.99 eV.

It is important to realize that the loop—configurations
described thus far have a higher total energy than the
Moiré structure. Hence, the configurations are not in
a thermodynamical equilibrium, though entropic effects
might play a role. The energy barriers for annihilation
of the loops and returning to the Moiré structure are
very low (~ 0.1eV) compared to the barriers for forma-
tion of the loops. However, the loops can only disappear
if the adatoms remain in the vicinty of the loop, or, in
other words, if the energy barriers for adatom diffusion
away from the loop are higher than the barriers for an-
nihilation of the loops. In fact, the barries for diffusion
on the overlayer can be lower than the barriers for an-
nihilation. The adatom formed in frame 3 of Fig. 2 can
easily diffuse away from the hole region. In the exper-
imental situation adatoms will probably diffuse to step
edges which are not present in the simulations. One pos-
sible diffusion path is shown in Fig. 3. The adatom dif-
fuses from the skewed four—fold site close to the hole to
a three—fold hollow site further into the overlayer. There
are 2 transition states (frames 2 and 4) and 3 minima.

FIG. 4. Growth of a 3—vacancy loop into a 4-vacancy loop:
Initial, transition and final states.

The highest barrier is from frame no. 1 to frame no. 3,
106 meV. The barrier for the transition from frame no.
3 to frame no. 5 is only 10meV. For the mechanism
shown in Fig. 2 the barrier for annihilation of the loop,
i.e., the barrier for going “backwards” from frame 3 to 1
in Fig. 2, is 127meV. Hence, it is possible for a single
adatom to escape from the hole region. For the mech-
anism shown in Fig. 1 the situation is not so favorable.
The barrier for annihilation is in this case 54 meV. Other
configurations of the dimer give slightly higher annihila-
tion energies (~ 90 meV) but the barrieres for escape of
the dimer (or splitting of the dimer) are still higher. A
2—vacancy loop with no adatoms in its vicinity can an-
nihilate too, leaving a structure with 2 missing atoms
in an otherwise locally perfect overlayer and no vacan-
cies in the substrate. The energy barrier for such an
annihilation is 0.25 eV with the final configuration being
65 meV higher in energy. Based on these results it can
be concluded that the most probable scenario for loop
nucleation is via hole formation and subsequent diffusion
of the adatoms to step edges.

Growth. Once a 2—vacancy loop exists it can increase
in size by one vacancy by expelling another atom. Figure
4 shows an example of growth of a 3—vacancy loop into
a 4—vacancy loop. Atoms 1 and 5 come up simultane-
ously thereby enabling atoms 2, 3, and 4 to shift from
fce to hep positions. After the growth event atom 1 has
become an adatom and atom 5 has taken its place. The
energy barrier is 0.56eV. Several growth events which
proceed similarily to the one in Fig. 4 were observed in
the simulations. Misfit loops as large as 6 vacancies were
observed. In all investigated cases the energy barriers
were in the range 0.32 —0.71 eV depending on the details
of the configurations. Hence, it can be concluded that
nucleation controls the loop formation. Once the loops
have formed at a sufficiently high temperature, growth
proceeds rapidly.

Motion. During the growth mode it is observed that
loops migrate. Figure 5 shows migration of a 3—vacancy
loop. The top row shows the surface while the bottom
row shows how the atoms in the topmost substrate layer



FIG. 5. Motion of a 3-vacancy loop.
and final states.

Initial, transition,

rearrange to accomplish motion of the loop by 1 nearest
neighbor distance. In the initial state the loop surrounds
the cluster of atoms 1, 2, and 3, and in the final state
the loop surrounds atoms 2, 4, and 5. The energy barrier
for this process is 0.54eV. A loop can also migrate by
a partial annihilation. In that case an adatom situated
close to the loop reenters the overlayer thereby decreasing
the loop size by one. Subsequently another atom can be
squeezed out. In this way the loop moves one spacing via
a smaller intermediate configuration.

Since no systematic annealing studies of the Moiré
structure exist, it is difficult to compare the activation
energies obtained in this work with experimental results.
With the activation energy for formation of a 2—vacancy
misfit loop of 0.94 eV and assuming a preexponential fac-
tor of 5x10'2s~!, the rates from an usual harmonic tran-
sition state expression become 8 x 10™4s~! and 7s~! at
300K and 400K, respectively. Hence, the simulations
seem to be in reasonable agreement with the experimen-
tal observations considering that kinetic effects might be
responsible for the formation of misfit loops after Ag de-
position at RT. Also, in the Au/Ni(111) system, which
exhibits very analogous behavior to the Ag/Cu(111) sys-
tem, the Moiré structure had to be annealed to 400K
before the misfit loops formed [1]. The EMT potentials
applied in this work have successfully been fit to proper-
ties such as elastic constants, stacking—fault energies and
vacancy formation energies. However, it is well know that
effective-medium-like potentials (EMT or EAM) in some
cases have difficulties in reproducing accurate results for
systems with low coordinated atoms, e.g., adatom diffu-
sion. The diffusion barrier for Ag on Ag(111) with the
present EMT parameterization (0.06 eV) is in perfect
agreement with other EMT or EAM potentials, while ex-
periment and ab initio calculations give barriers ~ 0.1eV
[11]. The results presented here are likely to suffer from
the low coordination problem as well thus putting a lim-
itation on the absolute accuracy of the activation ener-
gies. A decrease of the nucleation activation energy to,
say, 0.8eV would increase the rate of loop formation at
T = 300K by three orders of magnitude. The effect of

the substrate thickness was investigated by performing
some of the NEB simulations with 3 static and 10 dy-
namic substrate layers as well as with just 4 dynamic
layers. The effect is negligible: The energy barriers were
reduced by 1 %. Finally, it should be mentioned that the
interpretation [2] of experimental STM results in terms of
Vegard’s law indicates that no Cu is alloyed into the Ag
overlayer in contrast to the situation for Au/Ni(111) [1].
In the simulations presented here, Cu is indeed alloyed
into the overlayer. It is hard to imagine loop formation
mechanisms which would not involve such alloying as an
intermediate stage. Perhaps the alloyed Cu could ex-
change with Ag adatoms and move to step edges, but no
evidence of this was observed in the simulations.
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